Algae and cyanobacteria frequently require separation from liquid media in both water treatment and algae culturing for biotechnology applications. The effectiveness of cell separation using a novel dissolved air flotation process that incorporates positively charged bubbles (PosiDAF) has recently been of interest but has been shown to be dependent on the algae or cyanobacteria species tested. Previously, it was hypothesised that algal organic matter (AOM) could be impacting the separation efficiency. Hence, this study investigates the influence of AOM on cell separation using PosiDAF, in which bubbles are modified using a commercially available cationic polyelectrolyte poly(N, N-diallyl-N,Ndimethylammonium chloride) (PDADMAC). The separation of Chlorella vulgaris CS-42/7, Mychonastes homosphaera CS-556/01 and two strains of Microcystis aeruginosa (CS-564/01
INTRODUCTION
Algal cells are separated in applications that involve both water treatment and algae harvesting for biotechnology (Bernhardt et al. 1991 , Pieterse et al. 1997 , Kempeneers et al. 2001 , Anthony et al. 2013 , Weschler et al. 2013 . Dissolved air flotation (DAF) is often applied to separate the cells by the addition of chemicals such as coagulants and flocculants that selectively vary particle character (Henderson et al. 2008a , Edzwald 2010 , Coward et al. 2013 . Recently, the surface modification of microbubbles generated in DAF via polymer addition to the saturator has received attention as an alternative to traditional coagulationflocculation of influent particles in the fields of water treatment for natural organic matter removal (Malley 1995 , Han et al. 2006 , Shi et al. 2017 , algal separation and harvesting (Henderson et al. 2008c , Henderson et al. 2009 , Henderson et al. 2010b , Yap et al. 2014 , and mineral processing (Oliveira et al. 2012) . In the field of algal separation and harvesting, the modified bubble DAF process also known as PosiDAF, has great potential for algae cell separation (Henderson et al. 2009 ), particularly because of benefits such as reduced chemical demand, removal of metal-salt contamination from the float and reduction in sludge volume, and an increased solid-liquid ratio of the float (Henderson et al. 2009 ).
However, while greater than 95% separation has been achieved for certain algae and cyanobacteria in PosiDAF (Henderson et al. 2010b , Yap et al. 2014 , cell separation and float characteristics were observed to vary depending on species and strain despite morphological similarity. For example, it was found that cell separation efficiencies for UK strains of Microcystis aeruginosa and the green algae Chlorella vulgaris were 96% and 74%, respectively, despite both having similar morphology (Henderson et al. 2010b) . Additionally, for most species, cell removal was greater than that predicted by the theoretical white water model, attributed to differences in AOM character (Henderson et al. 2010b) . In a further study, (Yap et al. 2014 ) achieved 99% cell removal of the cyanobacteria M. aeruginosa CS-564/01, observing that fibrous web-like 'strands' formed that enhanced flotation, although further investigation was not undertaken into their nature. Given the morphological similarities of the cells in the aforementioned examples, this variability was thus attributed to differences in the composition of algal organic matter (AOM) between the species.
Typically, AOM comprises hydrophilic polysaccharides, hydrophobic proteins and other low molecular weight soluble microbial products (Henderson et al. 2008b , Pivokonsky et al. 2014 , Pivokonsky et al. 2016 . Over a range of studies, AOM has been shown to both hinder and enhance conventional coagulation and flocculation of algae (Bernhardt et al. 1985 , Pivokonsky et al. 2006 , Takaara et al. 2007 , Henderson et al. 2010b . For example Bernhardt et al. (1985) , demonstrated that low concentrations of AOM can behave as a flocculant aid for Dictyosphaerium; however, higher concentrations inhibited flocculation. More recently, (Pivokonsky et al. 2006) and (Takaara et al. 2007) showed that the proteins present in the AOM from M. aeruginosa could decrease coagulation efficiency by preferentially complexing with coagulants.
Several techniques such as total and dissolved organic carbon (Henderson et al. 2008b , Fang et al. 2010 , specific ultraviolet absorption (SUVA) (Henderson et al. 2008b , Pivokonsky et al. 2014 , protein and polysaccharide concentration measurements (Henderson et al. 2008b , Pivokonsky et al. 2014 , charge measurements (Henderson et al. 2008b , Henderson et al. 2010a , advanced techniques such as gravimetric determination or mass spectrometry (Dubois et al. 1956 , Lin 2007 , size exclusion chromatography (SEC) (Henderson et al. 2008b , Zhang et al. 2013 , fluorescence spectroscopy (Henderson et al. 2008b , Fang et al. 2010 , Qu et al. 2012 and Fourier transform infrared (FT-IR) spectroscopy have previously been used to characterise AOM and its components. However, no studies have investigated the link between PosiDAF performance and the variability in AOM composition.
Hence, the aim of this study was to improve the understanding of how AOM influences algal and cyanobacterial cell separation in the PosiDAF process. To achieve this, comparisons of the PosiDAF jar test performance between C. vulgaris (strain CS-42/7), M. homosphaera (strain CS-556/01) and two strains of M. aeruginosa (CS-555/1 and CS-564/01), which were known to be of comparable morphology but very different AOM composition, were undertaken and related to the AOM character including the composition of resulting fibrous networks. Furthermore, experiments examining the influence of extracted AOM when dosed stepwise into the jars were conducted. Overall, this paper establishes that the presence of AOM and its biochemical character can be directly related to the effectiveness of the PosiDAF process.
MATERIALS AND METHODS

Chemicals
Low molecular weight PDADMAC (Sigma Aldrich, Australia) was used for PosiDAF jar testing. To prepare the background sample matrix, sodium chloride (Ajax Finechem, Australia) and sodium bicarbonate (Ajax Finechem, Australia) were made into 1.0 and 0.1 M solutions with Milli-Q water for jar testing. To adjust the pH, 1M hydrochloric acid (HCl) (Ajax Finechem, Australia) and 1M sodium hydroxide (NaOH) solutions (Ajax Finechem, Australia) were used.. Alcian blue 8GX powder (Sigma-Aldrich, Australia) was dissolved in 3% acetic acid solution prior to use as a stain for charged polysaccharides. A solution of 8% paraformaldehyde (PFA) (ProSci Tech, Australia) was used as a fixation agent to prevent possible biochemical changes that could occur while drying samples for Fourier transform infrared spectroscopy analysis.
Algae and cyanobacteria
C. vulgaris CS-4/7, M. homosphaera CS-556/01 and two strains of M. aeruginosa, CS-555/1 and CS-564/01, known hereafter as CV, MH, MA555 and MA564, respectively, were obtained from the Commonwealth Scientific and Industrial Research Organisation's (CSIRO) Australian National Algae Culture Collection (ANACC) (Hobart, Australia) and recultured in Jaworski and MLA media (Bolch et al. 1996 , Henderson et al. 2010b . Cultures were grown and stored based on methods described previously (Yap et al. 2014 ).
Algal organic matter extraction
The AOM was separated from the cells to produce three AOM solutions. First, cells were separated from AOM by centrifugation at 10,000 x g for 15 minutes with an Allegra ® X-15R
Centrifuge (Beckman Coulter, Australia) (Henderson et al. 2008b) . To remove any additional tightly-bound AOM, each aliquot of pelleted cells was resuspended in their respective media without micronutrients by vortexing for 20 seconds, followed by another cycle of centrifugation. The supernatants from the centrifuge cycles were collected and combined to give AOM C . An aliquot of this supernatant (AOM C ) was then filtered using 934-AH glass microfiber filters (1.50 µm nominal pore size, Whatman, USA) to remove cell debris to give AOM 1.50 . The size of AOM molecules has previously been implicated in process performance (Henderson et al. 2010a) and, hence, a further aliquot of the AOM 1.50 solution was then filtered using a 0.45 µm polyethersulphone (PES) syringe filter, resulting in AOM 0.45 , thus enabling investigation of the impact of AOM size on PosiDAF performance.
Algal system characterisation
Cell properties
A haemocytometer and light microscope (DM500, Leica Microsystems Ltd, Switzerland)
were used for cell counting. The cell size measurements were made using a Mastersizer 2000 (Malvern, UK). Cultures were adjusted to pH 7 with 1 M HCl for charge analysis which was undertaken using two techniques: zeta potential measurements were conducted with a Zetasizer Nano ZS (Malvern, UK) and charge demand analyses with a PCD-04 Particle
Charge Detector (Mütek BTG, Switzerland). Each analytical procedure was conducted in triplicate.
Analysis of AOM
The three AOM solutions (AOM C , AOM 1.50 and AOM 0.45 ) were analysed with a TOC-Vsch Analyser (Shimadzu, Australia) to determine their concentration as total organic carbon (TOC). Protein and carbohydrate assays were conducted using the modified Lowry method with bovine serum albumin as standard (Frølund et al. 1995) and phenol-sulphuric acid method with D-glucose as standard (Zhang et al. 1999) In order to detect and quantify the acidic carbohydrates in the AOM, Alcian blue staining was performed on samples collected during the onset of the stationary phase of cell growth, based on the procedure outlined in previous studies , Villacorte et al. 2015a , Villacorte et al. 2015b . Briefly, the cultures were filtered using 0.45 μm polycarbonate membrane and stained with Alcian Blue at pH of 2.5. The staining was performed at pH 2.5 to ensure that both sulphated and carboxylated polysaccharides were detectable . Images of the stained acidic carbohydrates were obtained through a light microscope (DM2500, Leica Microsystems Ltd, Switzerland) and processed with Image J software. The acidic carbohydrates were quantified from the image by selecting random areas of 0.18 mm 2 .
Jar Test Procedures
PosiDAF jar tests
PosiDAF jar testing of CV, MH, MA555 and MA 564 was carried out using PDADMAC as described in previous studies (Henderson et al. 2010b , Yap et al. 2014 . As with conventional DAF jar testing, PosiDAF jar tester and saturator solutions were prepared using Milli-Q water (18.2 MΩ·cm) with 0.5 mM NaHCO 3 and brought to an ionic concentration of 1.8 mM using
NaCl. The cells were added to the jar tester solution to give a concentration of 7.5 × 10 5 cells·mL -1 . A recycle ratio of 20% was selected for all tests, with a saturator pressure of 450 kPa and a flotation time of 10 minutes, ensuring a high bubble to particle ratio.
Investigation of the influence of AOM on PosiDAF performance
PosiDAF jar tests as described in section 2.5.1 were repeated by fixing the PDADMAC dose at the point where maximum cell removal was observed for the respective species. However, in these experiments, the AOM concentration was varied by first separating AOM from the cells (according to the method outlined in section 2.3) and resuspending cells in buffer solution to the appropriate concentration, and then reintroducing AOM into the cell systems with mixing at 50 rpm for 60 seconds to the desired AOM concentration.
Experiment 1:
Strains of CV, MH, MA555 and MA564 with the AOM removed as described in 2.3 were used to prepare jar test samples of 7.5 10 5 cells·mL -1 . Jar tests were first performed in the absence of AOM. Subsequently, the AOM C obtained from the strain under investigation was reintroduced to prepare cell solutions with AOM concentrations ranging from 0.25 to 2.0 mg·L -1 .
Experiment 2:
The strains for which poor separation was observed during Experiment 1 were used to provide cell cultures for the jar test; however, the AOM obtained from the strain for which the best separation was observed was introduced. This determined whether the separation could be improved upon by the addition of "foreign" AOM. Similar to Experiment 1, AOM C was reintroduced to prepare concentrations ranging from 0.25 to 2.6 mg·L -1 . This time, the same tests with AOM C were repeated using AOM 1.50 and AOM 0.45 over the same dosing range to determine whether AOM size impacted treatability.
Experiment 3:
The strain for which poorest separation was observed during Experiment 1 was used to provide cell cultures for the jar test and AOM 1.50 from the strain for which the best separation was observed was introduced. However, these experiments were conducted for different subcultures of the best performing strain over a period of one year to test the repeatability of the experiments from Experiment 2.
Analysis of flotation performance
Analysis of jar test performance included cell counting using a haemocytometer or Sedgewick Rafter to determine residual cyanobacteria cell concentration (Henderson et al. 2010b ). Zeta potential analysis was performed using a Zetasizer Nano ZS (Malvern, UK). All measurements were undertaken in triplicate.
Fourier transform infrared spectroscopy (FT-IR) imaging analysis
The fibrous 'strands' from the AOM of M. aeruginosa CS-564/01, that were previously described by (Yap et al. 2014) as flotation enhancers, were again observed in this study during PosiDAF jar tests; however, in this case they were analysed by FT-IR imaging following the procedure used by Gonzalez-Torres et al. (2017) . Briefly, the strands were extracted from the jars during PosiDAF experiments and fixed using the PFA. The fixed samples were then transferred to a stainless steel slide, dried and analysed by FT-IR imaging using a PerkinElmer Spotlight 400 FT-IR microscope (USA). FT-IR images were collected over the 4000-750 cm -1 using reflectance mode and chemi-maps were created from the FT-IR image files in specific ranges using Spectrum software. The chemi-maps created for the proteins, acidic carbohydrates and carbohydrates were overlaid to obtain the FT-IR images.
These macromolecules were selected as they have previously been implicated to have an influence on cell separation (Mopper et al. 1995 , Henderson et al. 2010a , Villacorte et al. 2015b , Pivokonsky et al. 2016 . The spectra were also extracted and plotted by Microsoft Excel (Version 2013) to obtain the cross-section profiles.
RESULTS
Algal system characterisation
The CV, MH, MA564 and MA555 cells had similar spherical, unicellular morphology when grown in the laboratory. The physical diameter of the spherical cells of CV was found to be bigger (5±0.6 µm) than those of MA555 (3.0±0.7 µm), MA564 (3.1±0.6 µm) and MH (2.8 ±0.5 µm) ( Table 1A ). The sizes of MA555 and MA564 were almost 40% lower than that observed for M. aeruginosa (CCAP 1450/3) that was used in a previous PosiDAF study (Henderson et al. 2010b ) while that of CV was almost 1.5 times the size of the strain used in the same study.
The cultures were also found to have widely differing charge; for instance, while MA555 had the least negative zeta potential (-17.0±1.0 mV) and charge density (-9.310 -7 meq·cell -1 ), MA564 and MH had highly negative zeta potentials (approximately -35 mV) and charge (approximately -1510 -7 meq·cell -1 ) (Table 1A) . Similar trends were seen in the zeta potential of the AOM fractions of the cultures (Table 1A) . Interestingly, the charge density and zeta potential of the AOM fractions became less negative for every fraction with the most negative values for AOM C and the least negative for AOM 0.45 . The lower negative charge observed for the AOM 0.45 fractions when compared to the other fractions in all the species points to the presence and high concentration of low molecular weight charged compounds.
Collectively, the disparities in charge and size of the algal cell suspension indicate that the relative dose per cell for all the species could fluctuate for the same polyelectrolyte concentration.
AOM C extracted from strain MA564 had greater than two to three times the TOC concentration in comparison to that from MH, CV and MA555. Conversely, the DOC of the extract (AOM 0.45 ) was found to be slightly more concentrated for MA555 at 9.6×10 -10 mg·cell -1 than that observed for the others (Table 1B) . When the biopolymer composition was analysed, it was noticed that all fractions of MA564 AOM had the highest total protein and carbohydrate concentration, and at least twice as much protein:DOC and thrice as much carbohydrate:DOC ratios than the AOM from other strains (Table 1B) . However, the protein:DOC and carbohydrate:DOC ratios between the AOM 0.45 and AOM 1.50 fractions from every strain were very similar. The carbohydrate:DOC ratio of MA555 (0.38 mg·mg -1 ) was also similar to that of the UK strain of MA; however, the protein:DOC ratio of the UK strain was found to be much greater than that for the strains used in this current paper at 0.64 mg·mg -1 (Table 1B) . With AOM C , it was revealed that the protein:TOC and carbohydrate:TOC ratios were much lower than the AOM 0.45 and AOM 1.50 fractions. For example, in Table 1B , it is seen that MA564 had a protein:TOC ratio of 0.11±0.02 mg·mg -1
while that of the AOM 1.50 was 0.26±0.06 mg·mg -1 . This may due to the fact that cell debris was not effectively removed by centrifugation in AOM C , increasing observed TOC concentrations. Collectively, it can be said that the overall concentrations of biopolymers were found to be present in the greatest quantity in the AOM from MA564.
An LC-OCD analysis of AOM 0.45 from the strains used in this study revealed some differences in the size fractions of the AOM from the different strains (Table S1 , Figure S1 ).
Specifically, MA564 had a larger fraction of biopolymers, humic substances and building blocks at 18.5%, 14.7% and 45%, respectively, in comparison to MA555, MH and CV. In contrast, the LMW neutrals fractions were the lowest for MA564 (21%) compared to MA555
(31%), MH (45%) and CV (23%), respectively (Table S1, Figure S1 ). These results demonstrate a tendency for higher molecular weight components to exist in the MA564 AOM.
When Alcian Blue was used to stain acidic carbohydrates (SI Figure S2) , aggregates of these molecules were visible under a microscope for all the species indicating that they were produced extracellularly during the onset of the stationary phase and not just via release due to the death of algal cells or environmental stress as observed previously (Passow 2002 , Villacorte et al. 2015a , Villacorte et al. 2015b . However, the concentrations were species dependent; with MA564 producing more than five times the acidic carbohydrate concentration at a surface coverage of 52% of polycarbonate membrane than MH (Table 1B) . This is further supported by the fact that the AOM from MA564 had at least three times or higher carbohydrate concentrations when compared to the other species at the same time period (Table 1B, Figure S5 ). However, the presence of acidic carbohydrates was not reflected when comparing the carbohydrate concentrations of AOM 0.45 and AOM 1.50 fractions. For instance, the carbohydrate concentrations of MA564 AOM 1.50 and AOM 0.45
were 8 mg·L -1 and 7.5 mg·L -1 , respectively ( Figure S5 ). With the acidic carbohydrates likely to be filtered out by the 0.45 µm membrane, it is expected that the carbohydrate concentrations of the AOM 0.45 fractions would be lower than the AOM 1.50 fractions; however, comparable values were observed for all the species ( Figure S5 ). (Table 1A and 1B)
PosiDAF Jar Tests
When applying PosiDAF using PDADMAC, the zeta potential of the treated effluents became positive at doses above 0.001 meq·L -1 for MA555, 0.002 meq·L -1 for MA564, and approximately 0.008 meq·L -1 for CV and MH (Figure 1 ). Despite belonging to the same species, a key difference in the effluent zeta potential between MA555 and MA564 was that the dose required to neutralise charge of MA555 with PDADMAC was one sixth that required for MA564. However, for CV it was noted that the dose required to neutralise charge with PDADMAC was twice as high as that observed for C. vulgaris CCAP 211/11B (Henderson et al. 2010b ).
The PosiDAF cell separation varied for the different species and strains: MA564 and MA555
reached a maximum cell separation of 95±3% and 31±2%, respectively, at a polymer dose of 0.001 meq·L -1 while CV and MH reached a maximum of 62±3% and 35±2% at a polymer dose of 0.004 meq·L -1 (Figure 1 ). Above the optimal polymer dose, cell separation decreased for all the strains except MA564. The effective separation of MA564 is in line with previous observations made for M. aeruginosa CS-564/01 and CCAP-1450/3, where separations of 96% -99% were observed [8, 9] . A similar decrease in separation effectiveness to that obtained for C .vulgaris CS-42/7 was observed for a UK strain of C. vulgaris CCAP 211/11B (Henderson et al. 2010b ). Given the previously described similarities in morphological characteristics, the discrepancies in cell removal and effluent zeta potential are attributed to AOM influences, interactions of polymers and other high molecular weight substances.
( Figure 1) 
Investigating the link between PosiDAF cell separation and AOM composition
FT-IR analysis of web-like strands from MA564
Web-like strands were observed only during the jar tests of MA564. On examination of the FT-IR spectra of these strands ( Figure S3 ), nine regions with peaks that have been previously reported to be those of macromolecules were found (Table S2) . A broad peak around 3300 cmpresence of hydrogen-bonded OH caused by the hydroxyl groups in carbohydrates as well as residual moisture. The C-H stretch caused by the lipids present in the strands was visible in all the samples (2). Peaks in region 3 were attributed to C=O stretching from aldehydes, ketones and protonated carboxylic acids. The peaks had a poor signal in this region indicative of poor concentration of the aforementioned compounds. Broad peaks in (4) and (5) were indicative of the amide binding protein, amide I (4) and amide II (5). A strong carboxylate anion peak was observed at 1340 cm -1 (6). A single peak in the region (7) (8) and (9) around 1150-1050 cm -1 were observed which were the result of a contribution from different types of polysaccharides that have been detected previously in algal species (Villacorte et al. 2015b ) and speculated to be glycogen molecules that serve as energy storage in the cells (Bertocchi et al. 1990 , Hadjoudja et al. 2010 ).
FT-IR images of the spatial distribution of proteins, acidic carbohydrates and carbohydrates for the strand edge and center were obtained as they provided information on the extent of aggregation or homogeneity of these macromolecules across the samples (Figure 2 (B) to (E)). The analysis of the FT-IR images of the strand edge ( Figure 2B , C) revealed the presence of regions attributed to proteins (red, amide I peak at 1630 cm -1 ), carbohydrates in Figure 2B (green, C-O vibration at 1030 cm -1 ) and acidic carbohydrates in Figure 2C (green, COO -vibration at 1330 cm -1 ). The sample in Figure 2C exhibited a more homogeneous distribution of proteins and acidic carbohydrates (yellowish-orange hue) in comparison to the same sample in Figure 2B , which had a more localised distribution and distinctive differences between proteins and carbohydrates. By analysing the corresponding cross-section images of the strand edge ( Figure 2B, 2C) , it was observed that changes in the red protein line correlate well with most changes in the green acidic carbohydrate line in Figure 2C , whereas in Figure   2B , the cross-section image shows poor correlation between the red protein line and green carbohydrate line. When the FT-IR images of the strand center ( Figure 2D , 2E) were analysed, it was seen that both acidic carbohydrates and carbohydrates had moderate homogeneity in their distribution with the proteins. This phenomenon was also validated by their corresponding cross-section images ( Figures 2D, 2E ). Overall, it was observed that the yellowish-orange regions of protein-acidic carbohydrate homogeneity dominated more towards the strand edges when compared to the strand center where both the acidic carbohydrates and carbohydrates had moderate influences. The homo-and heterogeneous distribution of proteins with acidic carbohydrates and carbohydrates, respectively, along with the correlations observed between these regions in the cross section images may be caused by the conjugation of glycoproteins and carbohydrates that has been previously observed in algal systems (Kehr et al. 2015) .
( Figure 2) 
Cell separation as a function of acidic carbohydrate concentration
On investigating the link between maximum cell removal and the acidic carbohydrate concentration of the algal species, it was observed that the species which had the greatest proportion of acidic carbohydrates per mm 2 of polycarbonate membrane had the best cell removal (Table 1B, Figure S2 ). For instance, MA564, which had the highest proportion of acidic carbohydrates, had the best cell removal among the strains tested, while that of MH and MA555, which had the lowest amount of acidic carbohydrates, had poor cell separation (Figure 3 ). While only four species were tested to study the impact of acidic carbohydrates, the indications are that the role of these molecules in PosiDAF separation would appear to warrant further investigation. This was examined in more detail by altering AOM concentration and composition.
( Figure 3) 3.4 PosiDAF Jar Tests with altered algal organic matter concentration and composition
Experiment 1:
When the AOM was completely removed from the cell system, it was found that negligible cell separation was achieved for all the strains (Figure 4 ). On addition of AOM C back into cell solution, cell separation increased, although to different extents. In jar tests with MA555, CV and MH cells, cell separation reached a maximum value of only 18±4% at a MA555 AOM C dose of 0.55 mg·L -1 , 46 ± 3% at a CV AOM C dose of 0.6 mg·L -1 and 28 ± 2% at MH AOM C dose of 0.4 mg·L -1 (Figure 4 ). In contrast, for MA564 cell system, 95±3% cell separation was observed at a MA564 AOM C concentration of 0.91 mg·L -1 (Figure 4 ). This was comparable with that observed in PosiDAF tests without extracting the AOM (Yap et al. 2014) and confirms that the presence of AOM is critical for separation using PosiDAF, as previously hypothesised by Henderson et al. (Henderson et al. 2010b ).
All the strains demonstrated similar dose response curves with respect to zeta potential. The PosiDAF effluent zeta potential was negative prior to the addition of AOM, with charge reversal occurring at low doses of AOM (Figure 4 ). The initial negative zeta potential seen in all the strains has a negative charge (Table 1A) , it would be expected that its addition would result in a PosiDAF effluent with greater negative charge; however, the opposite occurred. (Figure 4) 
Experiment 2:
When centrifuged, unfiltered MA564 AOM C was added to the jar tests containing samples of MA555, CV and MH, cell separations greater than 90% were obtained at a doses of 2 mg·L ( Figure 5) 
Experiment 3:
In this experiment, an attempt was made to replicate the results of Experiment 2 by using different sub-cultures of MA555 and AOM 1.50 generated from MA564, both cultured over a period of one year. On analysis of results, variability was observed in MA555 cell separation for three MA564 AOM 1.50 replicates (Figure 6 ). For example, replicates 1, 2 and 3 had maximum cell separations of 96%, 79% and 77%, respectively. This is attributed to the variations in the protein and carbohydrate concentrations in MA564 AOM 1.50 . When comparing their protein concentrations, it was seen that replicate 2 had undetectable levels of protein while replicates 1 and 3 were comparable at 1.9±0.4 and 1.3±0.6 mg·L -1 , respectively.
The carbohydrate concentrations were much higher than the protein concentrations although they varied significantly; replicate 3 had nearly double the amount of carbohydrates at 16.4±1.2 mg·L -1 in comparison to replicate 1. Importantly, the absence of a detectable protein concentration for AOM 1.50 used in replicate 2 may explain the much higher concentration of AOM required for enhancing the separation. For example, the maximum separation obtained for replicate 2 was comparable to replicate 1 at nearly 5 times the AOM concentration at 2.6 mg·L -1 (Figure 6 ). It is also evident from Figure 6 that the maximum cell separation of 96±3% was obtained for the replicate that had the maximum carbohydrate concentration although its protein concentration was comparable to replicate 1. These results show that variations in the protein and carbohydrate composition in the AOM have a direct impact on PosiDAF performance.
( Figure 6) 
DISCUSSION: The role of AOM in PosiDAF
It is suggested that the AOM and its composition play a significant role in PosiDAF separation effectiveness. In this study, it was observed that cell removals across all strains were poor when PosiDAF was operated in the absence of AOM (Figure 4 ). However, in the presence of AOM, only MA564 had greater than 95% cell separation (Figure 1 ). This therefore infers that the AOM in MA555, MH and CV has either a low cell adherence or low polymer binding capability, or both, in comparison to the AOM found in MA564. In the case of MA564, the AOM appeared to provide a physical connection between the polymer-coated bubbles and cells by adhering to or complexing with polymers and attaching to the cell surface. Therefore, understanding the mechanisms behind the AOM's capability to forge a link between the cells and the polymer-coated bubbles is critical to the overall success of PosiDAF.
Comparisons of the AOM from all the species revealed the major differences to be associated with charge and variations in the composition of the AOM size fractions (Table 1A, 1B) .
Interestingly, while MA564 and MH had comparable charge, cell size and morphology, their cell removals and float characteristics in PosiDAF were found to be vastly different ( Figure   1 ). Therefore, when correlating the cell removal and AOM characterisation results of all the species, it is hypothesised that two factors namely 1) composition of the AOM, and 2) changes to particle (cell) size due to the formation of web-like strands that link several cells, contribute predominantly to the enhanced cell removal in PosiDAF.
The composition of the AOM plays a crucial role in the AOM-cell attachment and formation of large web-like networks that enhance flotation. As both the cells and AOM are negatively charged, the presence of glycoproteins and carbohydrates in the AOM (Henderson et al. 2008b ) and cell walls (Lee 2008) , and their subsequent conjugation due to the presence of multiple binding sites on a glycoprotein surface (Lee et al. 1995) , are deemed critical for the AOM-cell interactions -a necessity for successful PosiDAF performance, which was seen only in MA564. This would serve as a cogent explanation as to why cell removal increased to greater than 90% despite the addition of negatively charged MA564 AOM to the negatively charged cell suspensions in Experiment 2 jar tests ( Figure 5 ), and why cell removal increased only for MA564 AOM and not the AOM from other strains in Experiment 1 jar tests ( Figure   4 ). In addition, the conjugations between glycoproteins, acidic carbohydrates and carbohydrates are also responsible for the formation of large web-like networks that enhanced flotation of MA564 ( Figures 2B to 2E ). Such networks have been previously seen in the biomedical field, wherein enhanced binding and bridging interactions were observed (Pfaff et al. 2011) , especially when studying receptor-ligand recognition and inhibition for cell uptake (Kiessling et al. 2000) . Therefore, it would be a logical extrapolation to suggest that this interplay between the aforementioned biomolecules would contribute to the AOM-cell attachments and formation of large web-like structures.
From the development of DAF models such as the white water model performance equation (Haarhoff et al. 2004) , it is now understood that modifications to the influent conditions such as increasing the particle size can result in elevated particle separations. As a consequence, in PosiDAF, the presence and interaction of the aforementioned suprastructures with polymers is critical for successful flotation. This is supported by the fact that when AOM from MA564
was introduced into the jars containing cells of MA555, MH and CV, the introduced AOM created several networks which increased the apparent size of the particles being separated and consequently increased cell removal to greater than 90% ( Figure 5A , B, C). Furthermore, the cell removal did not decrease at doses beyond the optimum level and remained greater than 90% consistently, thereby, supporting the theory that these large polymer-AOM networks enhanced flotation in PosiDAF.
CONCLUSIONS
The specific conclusions drawn from this work are as follows:
 PosiDAF operated in the absence of AOM resulted in poor cell separation and AOM is therefore considered a necessary system component.
 AOM from MA564 which had the highest MW and acidic carbohydrate content than the other strains improved PosiDAF performance.
 Web-like strands that enhanced flotation of MA564 were analysed. It was seen that conjugation between acidic carbohydrates and proteins was dominant at the strand edge whereas the center of strand had conjugates of proteins with acidic carbohydrates as well as carbohydrates.
 The interplay between proteins, carbohydrates and acidic carbohydrates with the cells and cationic polymers facilitate bubble attachment and flotation.
 A complete investigation of the proteins and carbohydrates present in the AOM from the species tested in this study is recommended to identify the specific proteins and carbohydrates that contribute to enhanced PosiDAF performance. Table S2 . Band assignment-FTIR, adapted from . 
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